Pigmentary manifestations can represent an early clinical sign in children affected by Neurofibromatosis type 1 (NF1), Legius syndrome, and other neurocutaneous disorders. The differential molecular diagnosis of these pathologies is a challenge that can now be met by combining next generation sequencing of target genes with concurrent second-level tests, such as multiplex ligation-dependent probe amplification and RNA analysis. We clinically and genetically investigated 281 patients, almost all pediatric cases, presenting with either NF1 (n = 150), only pigmentary features (café au lait macules with or without freckling; (n = 95), or clinical suspicion of other RASopathies or neurocutaneous disorders (n = 36). The causative variant was identified in 239 out of the 281 patients analyzed (85.1%), while 42 patients remained undiagnosed (14.9%). The NF1 and SPRED1 genes were mutated in 73.3% and 2.8% of cases, respectively. The remaining 8.9% carried mutations in different genes associated with other disorders. We achieved a molecular diagnosis in 69.5% of cases with only pigmentary manifestations, allowing a more appropriate clinical management of these patients. Our findings, together with the increasing availability and sharing of clinical and genetic data, will help to identify further novel genotype-phenotype associations that may have a positive impact on patient follow-up.
Introduction
Molecular diagnostic testing for Neurofibromatosis type 1 (NF1; MIM 162200) has improved considerably since identification of the first genotype-phenotype associations and an overlap disease, Department of Pediatrics. They were clinically evaluated according to the NIH diagnostic criteria and classified into six different groups.
Typical pigmentary manifestations (CALMs with or without freckling) were considered as the main clinical sign in children and were combined with distinctive NF1 features (LNs, OPG, bone dysplasia, and neurofibromas), age at the pre-test medical examination, and presence of affected first-degree relatives. Of the 281 subjects involved in this study, 150 received a definite clinical diagnosis of NF1 due to the presence of at least one NF1 distinctive sign and were further molecularly characterized only on the parents' request or in presence of a milder phenotype (n = 139; Group 1), or when an NF1 microdeletion was suspected in the presence of a severe NF1 phenotype (n = 11; Group 2).
An age-based categorization was established mainly to prioritize NF1/SPRED1 mutation analysis, relying on the fact that some typical NF1 features, such as LNs and neurofibromas, may not be yet present in children aged <10 years. A further 44 patients with apparently pigmentary manifestations only, without affected first-degree relatives, and aged ≤ 9 years were prioritized for mutation analysis of NF1 and, subsequently, SPRED1 (Group 3), while 51 patients either with pigmentary manifestations only, without affected first-degree relatives, and aged ≥ 10 years (n = 31; Group 4), or with at least one affected first-degree relative (n = 20; Group 5) were prioritized for mutation analysis of SPRED1 and subsequently NF1. Finally, 36 patients with clinical features suggestive of a RASopathy or other neurocutaneous disorders formed Group 6. Samples were also collected from patients' affected or unaffected relatives (n = 167) when necessary. Written informed consent for DNA analysis was obtained from all the subjects investigated or from their legal guardians at the pre-test medical examination, including explicit consent for future use of data for research purposes, according to the Declaration of Helsinki. Approval for the study was obtained from the Ethics Committee of the University of Campania "Luigi Vanvitelli" (#254-05/02/2019).
For each subject, blood samples were collected in PAXgene Blood RNA Tubes (Qiagen, Hilden, Germany) or Tempus Blood RNA Tubes (Life Technologies, Carlsbad, CA, USA) to prevent illegitimate splicing during subsequent RNA extraction and analysis [25, 26] . Genomic DNA was also extracted using standard procedures.
Primer Design for NF1 and SPRED1 Mutation Screening
NF1 pseudogenes occur on different human chromosomes [27] . To minimize the amplification of targets other than the expected templates, we used the Primer-BLAST tool (http://www.ncbi.nlm.nih. gov/tools/primer-blast/) for primer design.
For RNA analysis of the entire coding sequences of NF1 and SPRED1 (RefSeq: NM_000267.3 and NM_152594.3, respectively), we designed primer pairs that amplified partially overlapping fragments of 500-700 bp (Supplementary Materials Table S1 ). For both genes, genomic oligonucleotide pairs were also designed to amplify each exon and its intronic flanking regions (Supplementary Materials  Table S2 ).
Mutation Screening by RT-PCR
For a large number of subjects investigated, NF1 and SPRED1 were analyzed at the cDNA level. Total RNA was extracted using PAXgene Blood RNA Kit (Qiagen, Hilden, Germany) or Tempus Spin RNA Isolation Kit (Life Technologies, Carlsbad, CA, USA) according to the manufacturers' specifications. RNAs were then retro-transcripted using SuperScript III RT (Invitrogen, Carlsbad, CA, USA) and random primers, according to the manufacturer's instructions. Single-strand cDNAs were used in later experiments.
The RT-PCR was performed in a final volume of 20 µL containing 2 µL cDNA, 1X PCR Buffer II (Applied Biosystems, Foster City, CA, USA), 1 mM MgCl 2 , 1 mM dNTPs, 0.5 µM of each primer, and 0.5 U of AmpliTaq Gold DNA polymerase (Applied Biosystems). Cycling conditions consisted of a first step at 96 • C for 7 min followed by 30 cycles of 30 s at 96 • C, 1 min at 63 • C, and 3 min plus 3 s/cycle at 68 • C.
The RT-PCR products were first analyzed by agarose gel electrophoresis to highlight possible unexpected products. For each sample, overlapping fragments covering the entire NF1 or SPRED1 coding sequence were subsequently analyzed by bidirectional sequencing.
Targeted NGS-Based Mutational Screening
To extend mutation analysis to other genes involved in RASopathies, neurocutaneous disorders, and other genetically determined conditions with pigmentary manifestations in pediatric age, we designed a customized target NGS panel using HaloPlex technology (Agilent Technologies, Santa Clara, CA, USA). We selected 35 known disease-causing genes (Supplementary Table S3 ). The custom panel design also included genes identified as potential interactors of these 35 disease genes using two different bioinformatic tools, STRING and GeneMania [28, 29] . Only genes matching both tools were added to the design.
Enrichment of target sequences of all selected coding genes was performed using the HaloPlex Target Enrichment System for Illumina (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer's instructions. For each sample, 200 ng of genomic DNA was digested with eight different restriction enzymes to create the fragment library and hybridized for 16 h to specific probes for Illumina sequencing. After capture of the biotinylated target DNA using streptavidin beads, nicks in the circularized fragments were closed by a ligase. Finally, the captured target DNA was eluted by NaOH and amplified by PCR. The amplified target molecules were purified using Agencourt AMPure XP beads (Beckman Coulter Genomics, Chaska, MN, USA). The enriched target DNA in each library sample was validated and quantified by microfluidic analysis using the Bioanalyzer High Sensitivity DNA Assay Kit and 2100 Bioanalyzer Expert Software (Agilent Technologies). Samples were run on a NextSeq500 System (Illumina, San Diego, CA, USA), generating 150 bp-long paired-end reads. Generated sequences were analyzed using an in-house pipeline designed to automate the analysis workflow [30] . Average coverage for all the experiments was 70× and at least 20× for 98% of the target. Paired sequencing reads were aligned to the reference genome (UCSC, hg19 build) using a Burrows-Wheeler Aligner, and sorted with SAMtools and Picard (http://picard.sourceforge.net). Calling of single nucleotide variants (SNVs) and small insertions/deletions (Ins/Del) was performed with the Genome Analysis Toolkit (GATK) [31] with parameters adapted to HaloPlex-generated sequences. The called SNVs and Ins/Del variants were annotated using ANNOVAR [32] , reporting variant position in RefSeq [33] , amino acid change, presence in dbSNP v151 [34] , frequency in the NHLBI Exome Variant Server (http://evs.gs.washington.edu/EVS), 1000 genomes [35] , and Exome Aggregation Consortium (ExAC) browser (http://exac.broadinstitute.org) projects, multiple cross-species conservation [36] , and prediction scores of damaging on protein activity [37] .
Multiplex Ligation-Dependent Probe Amplification
To identify complete or partial deletions/duplications in NF1, SPRED1, NF2, TSC1, and TSC2 genes, MLPA assays were performed using SALSA MLPA P081/P082 NF1 kit, SALSA MLPA P295 SPRED1 kit, SALSA MLPA P044 NF2 kit, SALSA MLPA P124 TSC1 kit, and SALSA MLPA P337 TSC2 kit, respectively (MRC-Holland, Amsterdam, The Netherlands), according to the manufacturer's recommendations. When NF1 microdeletions were detected, SALSA MLPA P122 NF1 kit (MRC-Holland) was also used to better define breakpoint boundaries.
Briefly, denatured genomic DNA (100 ng) was added to the MLPA mix and the probes were allowed to anneal overnight before the subsequent ligation reaction was performed. Polymerase chain reaction (PCR) was carried out with 6-carboxyfluorescein (FAM)-labeled primers using 5 µL of the ligation reaction as the template. The PCR products were then separated on an ABI 3130xL automatic DNA sequencer (Life Technologies), including at least three normal DNA samples in each batch of the MLPA assays for the subsequent normalization of results.
The MLPA data analysis was performed using the Coffalyser.Net package (MRC-Holland). Relative amounts of probe-amplified products were compared with reference samples to determine the copy number of target sequences. Values under a threshold of 0.7 and over a threshold of 1.3 for multiple adjacent probes indicate the presence of a deletion or duplication, respectively.
Real-Time PCR
To confirm copy-number mutations identified by MLPA, quantitative amplification of the specific genomic regions was performed on CFX96 Real-Time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA) using iQ SYBR Green Supermix (Bio-Rad Laboratories) according to the manufacturer's instructions. Uracil N-glycosylase (Amperase UNG, Life Technologies) was used to prevent PCR carry-over contamination. Each assay was performed in triplicate and the results were normalized and analyzed using CFX Manager software version 1.5 (Bio-Rad Laboratories, Hercules, CA, USA).
Validation of Variants by Sanger Sequencing
The PCR products were double-strand sequenced using BigDye Terminator sequencing chemistry (Life Technologies) and analyzed on an ABI 3130xL automatic DNA sequencer (Life Technologies, Carlsbad, CA, USA). Automatic variation calling was obtained by analyzing sequencing data (ABI file) using Mutation Surveyor software version 3.24 (SoftGenetics, State College, PA, USA), followed by careful inspection of the electropherograms to minimize variant loss.
Results
Over the last decade, approximately 600 patients suspected of being affected by NF1 or an NF1-like condition, or by RASopathies and other neurocutaneous disorders, were clinically evaluated at our Neurofibromatosis Referral Center in accordance with the NIH diagnostic criteria. For these patients, genetic testing was proposed whenever it may have been useful to confirm the clinical diagnosis. A total of 281 probands gave their informed consent and were included in this study, and molecular analysis was extended to their affected or unaffected relatives (n = 167) when necessary. To optimize the use of genetic testing in discriminating NF1 versus LS and other neurocutaneous disorders in childhood, patients were classified into six groups (see Materials and Methods) and prioritized according to their clinical features.
Molecular Diagnosis
Results of molecular diagnosis for each patient group are summarized in Table 1 . The causative variant was detected in 239 out of 281 patients analyzed (85.1%), with only 42 undiagnosed patients (14.9%). Both NF1 and SPRED1 were mutated in 73.3% and 2.8% of cases, respectively. The remaining 8.9% presented causative variants in different genes. Notes: NF1 = neurofibromatosis type 1; CALMs = café au lait macules; OTHER = other disease genes investigated (the identified causative variants are reported in Table A4 ).
In subjects with a clinical diagnosis of NF1 (Groups 1, 2), the mutation detection rate was 98% (147/150), similarly to previously reported findings [38] . When pigmentary manifestations were the only early clinical sign (Groups 3-5), the mutation detection rate fell to 69.5% (66/95), with SPRED1 accounting for around 8.4% (8/95) of identified causative variants. Interestingly, the lowest detection rate (64.5%) was obtained for subjects presenting only CALMs, aged ≥ 10 years at the pre-test medical examination, and without affected first-degree relatives (Group 4). In contrast, subjects presenting only CALMs and with at least one affected first-degree relative (Group 5) achieved a higher mutation detection rate (85%), with NF1 and SPRED1 accounting for 55% and 30%, respectively.
In subjects with a clinical suspicion of a RASopathy or neurocutaneous disorder, the mutation detection rate was 72.2% (26/36) , with variants distributed in ten different genes, mainly PTPN11 (22.2%), and with only one causative variant in NF1 (2.7%).
NF1 Mutation Screening
By combining NGS, direct sequencing of RT-PCR products, and MLPA analysis, we identified 169 different causative variants along NF1 (Table A1) Figure S1 ) and only 21 were recurrent variants, being present in at least two unrelated patients.
Base substitutions resulted in 31 nonsense variants (27.2%), three of which were novel, 34 missense variants (29.8%), eight of which were not previously reported, and 42 variants differently affecting splicing (36.8%), mainly resulting in a frameshift of NF1 coding sequence.
Novel missense variants were further investigated, considering segregation in familial cases or their de novo occurrence. In support of their pathogenic effect, these amino acid changes were predicted to be deleterious by common in silico prediction programs (SIFT, Polyphen-2, and Mutation Taster; Supplementary Materials Table S4 ) [39] [40] [41] , and were not annotated in the gnomAD and ExAC browsers [42] .
Variants affecting mRNA splicing are common in NF1 [25, 38] . In our study, they represent 25.4% (43/169) of all identified causative variants, with 34 variants differently perturbing canonical splice acceptor or donor sites, five variants within exons creating de novo splice sites and resulting in the loss of a part of the exon, and four deep intronic mutations activating cryptic splice sites (Supplementary  Materials Table S5 ). This last type would likely be underestimated without RNA analysis. In our cohort of NF1 patients, this class of mutation accounted for 2.4% of all identified variants (4/169), three of which were not previously reported.
Complete NF1 microdeletion and other rearrangements partially involving NF1 were detected by MLPA analysis. In line with other reports [43, 44] , NF1 microdeletions at 17q11.2 were present in 4.9% (10/205) of patients with an identified causative variant in NF1, while two intragenic deletions of exons 15(11)-36(27b) and exons 28(22)-29(23) and a duplication of exons 37(28)-51 (42) in NF1 were identified in three further patients.
SPRED1 Mutation Screening
We identified eight different causative variants in SPRED1 (Table A2) , three of which were novel. Single nucleotide substitutions resulted in four already reported nonsense variants and one missense variant. We also identified a novel 5 bp deletion in a large family with 10 affected individuals and a novel one-base duplication in another family. The MLPA analysis characterized a sporadic case with an intragenic deletion of the last two exons and the 3'UTR of SPRED1. Table A3 summarizes the clinical features of 245 probands suspected of being affected by NF1 or an NF1-like condition evaluated at the pre-test medical examination (T0) and after genetic testing (T1). Based on the NIH diagnostic criteria, a clinical diagnosis of NF1 was achieved in 150 patients (Groups 1 and 2), 99.3% of which presented CALMs either with (78.7%) or without (18%) freckling associated with LNs (55.4%), OPG (14%), bone dysplasia (2%), cutaneous or plexiform neurofibromas (62.7%), or an affected first-degree relative (41.3%). One case (Family ID 108) did not quite meet the NIH diagnostic criteria but was nevertheless included in Group 1 due to the presence of neurofibromas at age 5 months, and minor clinical features such as macrocephaly, nevus anemicus, psychomotor delay, and thorax abnormalities. About 98% of these clinically diagnosed patients presented a causative NF1 variant that resulted in truncated or absent neurofibromin (75.5%), or in in-frame deletions (10.9%) or single substitutions (13.6%) of amino acids.
Phenotype-Genotype Overview
The remaining 95 patients (Groups 3-5) only presented CALMs (100%), with (29.5%) or without (70.5%) freckling and were negative for the other NIH diagnostic criteria at the pre-test medical examination. Among these, 75 patients were sporadic cases aged ≤ 9 years (n = 44; Group 3) or ≥10 years (n = 31; Group 4), while the remaining 20 patients were familial cases (Group 5). In Group 3, a causative variant in NF1 was identified in 63.6% of patients, resulting in truncated or absent neurofibromin (67.9%), or in in-frame deletions (10.7%) or single substitutions (21.4%) of amino acids. In Group 4, which presented the lowest mutation detection rate (61.3%), NF1 was still the most commonly involved gene with an increased percentage of variants causing in-frame deletions or single substitutions of amino acids (61.1%) compared to those resulting in truncated or absent neurofibromin (38.9%). Only one causative variant was detected in SPRED1 (Family ID 157). In Groups 3 and 4, typical NF1 clinical features subsequently appeared in only 11 patients with a causative variant in NF1 identified by genetic testing (T1). For Groups 3 and 4, 48% of patients (36/75) presented only CALMs without any other typical NF1 feature, even after genetic testing (T1), thus not falling within the NIH diagnostic criteria. Interestingly, a causative variant in NF1 was identified in 30.6% of cases (11/36) . In only one case (Family ID 224) was a causative variant in SPRED1 detected. Finally, NF1 and SPRED1 were similarly mutated in patients from Group 5. Variants in NF1 (55%) gave rise to truncated or absent neurofibromin in only two patients, while SPRED1 variants (30%) mainly caused haploinsufficiency. Again, in Group 5, no further typical NF1 clinical features subsequently appeared in patients with an NF1 variant identified by genetic testing (T1).
Neurofibromatosis bright objects were the most frequently observed of all minor clinical features (Table A3) , presenting in 20.8% of cases. Learning disabilities and/or speech problems were found in 18.8% of patients, while thorax abnormalities, macrocephaly, leg length discrepancy, and scoliosis in 16.7%. Noonan-like facial features (7.8%), intellectual disability (6.9%), and behavior problems (5.7%) were also observed. Less common but potentially serious malignancies, including malignant peripheral nerve sheath tumor (MPNST), leukemia, and rhabdomyosarcoma, accounted for 2.9% of cases, while vascular alterations such as Moyamoya syndrome and pulmonary stenosis were observed in 2% and 1.6% of cases, respectively.
Mutation Screening in Non-NF1 or NF1-Like Conditions and Unsolved Cases
By combining NGS and MLPA analysis, we also investigated 36 patients with clinical features suggestive of a RASopathy or neurocutaneous disorder (Group 6; Table A4 ). Among these, 14 patients with RASopathy features presented causative variants in PTPN11 (8/14), SOS1 (2/14), PPP1CB (1/14), and NF1 (1/14), 14 patients diagnosed with tuberous sclerosis complex (TSC) showed variants in TSC1 (3/14) and TSC2 (5/14), five patients with Neurofibromatosis type 2 or Schwannomatosis presented causative variants in NF2 (3/5) and LZTR1 (1/5), while a variant in PTEN and KIT was identified in two other cases with a clinical diagnosis of Cowden syndrome and Piebaldism. Six of the identified causative variants were not previously reported (Table A4 and Supplementary Materials Table S4 ). Biallelic germline variants in mismatch repair (MMR) genes are known to be responsible for CMMRD.
Although this condition is associated with a broad spectrum of early-onset tumors often associated with NF1 features, especially CALMs [24, 45] , no causative variants in MMR genes were found in our cohort.
In 42 unsolved cases, we also investigated for variants in candidate genes, considering different models of inheritance. For one patient only, we identified a rare missense heterozygous variant in MAPK3 (NM_001109891.1:c.601C>A; p.Leu201Met) not present in our internal database or in any public databases. Although MAPK3 encodes for a member of the MAP kinase family [46] , any pathogenic role for the observed variant is currently only speculative.
Discussion
In recent years, NGS has greatly improved the molecular diagnosis of inherited diseases, particularly in the case of genetically heterogeneous and clinically overlapping conditions. Our experience further supports the diagnostic value of NGS and shows how a targeted NGS-based entry-level test [47] [48] [49] combined with RNA and MLPA analysis for a complete molecular characterization [50, 51] achieves a high mutation detection rate and is extremely useful in addressing differential diagnosis of NF1 and overlap diseases. In fact, we obtained a molecular diagnosis in about 85% of cases investigated.
For patients with a clinical diagnosis of NF1 (Groups 1, 2), 98% carried an NF1 causative variant, resulting in truncated or absent neurofibromin in 75.5% of cases. All subjects presented CALMs, with freckling in 86% of cases, as well as the most common typical NF1 features including neurofibromas (64.7%), LNs (59.4%), and OPG (16%). Recently, causative variants in the cysteine/serine-rich domain (CSRD; residues 543-909) were positively associated with OPG [52] . Among the 24 NF1 patients presenting OPG investigated, seven showed an NF1 variant within the CSRD domain. Intellectual and/or learning disability or speech problems were present in about 26.7% of cases, while 8.7% showed Noonan-like facial features [53] . Malignancies and vascular alterations, such as Moyamoya syndrome, were observed in 4% and 4.7% of cases, respectively [54] . A large NF1 family with co-occurrence of Moyamoya syndrome in two first cousins (Family ID 16) was recently further investigated by whole exome sequencing, which identified MRVI1 as a susceptibility gene for Moyamoya syndrome in NF1 [55] . Of 11 patients with a more severe NF1 phenotype (Group 2) suggestive of NF1 microdeletion [17, 18, 56] , a 17q11.2 microdeletion was in fact detected in six cases. Among these, two patients later died from MPNST, frequently seen in NF1 microdeletion patients [18, 56] . Truncating variants were present in four other cases with severe NF1 phenotype, and removed large part of the protein sequence with its functional domains. The remaining patient (Family ID 119) showed an in-frame deletion (p.Tyr1614_Tyr1618del) falling in the Sec14-like domain of neurofibromin. This patient showed moderate intellectual disability with learning difficulties and speech problems, macrocephaly, dysmorphic facial features, tall stature, and skeletal anomalies (leg length discrepancy, dystrophic scoliosis, and vertebral scalloping), a small number of subcutaneous neurofibromas, and medullary unidentified bright objects [57] . Interestingly, the Sec14-like domain of neurofibromin interacts with valosin-containing protein (VCP), regulating dendritic spine density [58] . Dominantly inherited VCP mutations cause inclusion body myopathy with Paget disease of bone and frontotemporal dementia [59] .
Molecular investigation was critical in achieving a clinical diagnosis for patients with only pigmentary features (CALMs with or without freckling; Groups 3-5); for these patients we were able to detect the causative variant in 69.5% of cases. This result highlights the clinical utility of genetic testing, particularly in pediatric age, even in those cases which do not fall within the NIH diagnostic criteria, driving the patient's clinical early follow-up and management. In sporadic cases (n = 75; Groups 3, 4), NF1 was mutated in 62.7% of patients, with only two (Family ID 157 and 224) presenting a variant in SPRED1 causing haploinsufficiency. Among the NF1 variants, 55.3% resulted in haploinsufficiency, while the rest were in-frame deletions or single substitutions of amino acids. Subsequent to genetic testing, additional typical NF1 features (LNs and/or neurofibromas) appeared in 11 NF1 patients, 10 of which had a truncating variant in NF1. The remaining NF1 patients presented a mild phenotype, with only CALMs either with or without freckling, in some cases complicated by speech and learning problems, short stature, and macrocephaly. Of these, three cases carried the Arg 1809 substitution in neurofibromin [15, 16] .
The causative variant was detected in 85% of patients with pigmentary manifestations also present in at least one affected first-degree relative (n = 20; Group 5), with NF1 and SPRED1 similarly involved. Missense variants were the most common type of variants found in NF1, with the Arg 1809 substitution accounting for 45.5% [15, 16] . In Group 5, we also molecularly diagnosed the highest percentage of LS (30%), which appears to be primarily associated with inherited mutant alleles, unlike NF1, in which de novo variants frequently occur.
Noonan-like features can be observed in NF1 patients. A neurofibromatosis-Noonan Syndrome (MIM 601321) was reported [60, 61] and linked to variants in NF 1 [53] , but also to the co-occurrence of independent variants in NF1 and PTPN11 in the same patient [62, 63] . The NGS analysis excluded additive variants in Noonan syndrome-causing genes in our molecularly diagnosed NF1 patients with combined NF1 and Noonan-like features.
We also extended our investigation to 36 patients with clinical features suggestive of other RASopathies or neurocutaneous disorders (Group 6), identifying a causative variant in line with clinical suspicion in 25 cases (Table A4 ). In one child (Family ID 284) referred by endocrinologists due to clinical suspicion of Noonan syndrome, we did not find any causative variants in Noonan syndrome-causing genes but, unexpectedly, an unreported and maternally inherited missense variant in NF1 (p.Glu1198Lys). At genetic counseling, the patient presented CALMs, Noonan-like facial features and habitus (short stature, relative macrocephaly, hypertelorism, thoracic asymmetry, and sternum carinatum). Her mother also presented a very small number of CALMs, mild Noonan-like facial features, soft hands and feet, and short stature. Further investigation of this mild phenotype in other patients with the same NF1 variant may help characterize a possible genotype-phenotype association. This case is illustrative of the diagnostic overlap between these two conditions, as well as in the recently reported case [64] of a child (Family ID 187) carrying an SOS1 variant inherited from his mother, who initially received a diagnosis of NF1 due to the spinal nerve enlargement resembling neurofibromas.
The combined or alternative use of NGS and RNA analysis was able to precisely characterize the functional effect of each causative variant identified in NF1 and SPRED1, in some cases overcoming the limits of each approach when performed individually. Specifically, some missense or nonsense variants in NF1 caused exon skipping or generated cryptic splice sites. Moreover, similarly exon-skipped NF1 transcripts were caused by different genomic variants proximal to the same splice site. For some of these skipped exons, including 15(11), 37(27a), and 46(37), phenotype variability was observed in affected patients. Deep intronic mutations activating cryptic splice sites were only detectable by RNA analysis and accounted for 2.4% of all the causative variants we identified. Conversely, three variants in the first exon of NF1 causing RNA decay were only detectable by NGS analysis. Considering recently reported (and potential novel) genotype-phenotype correlations [15, 16, 18, 52, [65] [66] [67] [68] , evaluating the functional effect of genomic variants can have a positive impact on patients' clinical follow-up.
Of the unsolved cases, only four patients had a definite clinical diagnosis of NF1 due to the presence of typical pigmentary manifestations combined with at least one additional distinctive NF1 clinical feature. One of these (Family ID 114) was subsequently diagnosed as having a mosaic form of NF1 because of the peculiar distribution of CALMs restricted to the right side of the trunk and LNs only in the right eye. As suggested by the lowest detection rate, isolated CALMs (Groups 3-5) are associated with a lower possibility of obtaining a molecular diagnosis. This might be due to mosaicism or to the existence of other genetic causes of isolated pigmentary manifestations yet to be discovered. In Group 6, six unsolved cases had a clinical diagnosis of TSC. However, about 15%-20% of TSC patients may have unidentifiable mutations or a mosaicism [69, 70] . Finally, one patient (Family ID 219) with a clinical diagnosis of Schwannomatosis and negative for mutations in NF2, LZTR1, and SMARCB1 is under investigation for a somatic mosaicism in NF2.
Conclusions
Our findings highlight the clinical and diagnostic challenges of a pediatric referral center for neurocutaneous disorders, demonstrating how a combined NGS-based approach can assist clinicians in the diagnosis of NF1 as well as other neurocutaneous disorders and overlapping conditions. We categorized patients based on clinical signs and considered an NF1 diagnosis certain only when other distinctive signs besides CALMs and freckling were present, achieving a very high detection rate and providing a precise characterization of identified causative variants. Our results also highlight how it can still make sense to prioritize patients for NF1 mutation analysis when presenting only CALMs, typical of NF1 in term of number and diameter, and independently from the age at clinical observation. Our categorization suggests that older patients showing only CALMs tend to remain without a definite molecular diagnosis. The RNA analysis facilitates in interpreting the functional effect of genomic variants and can drive the identification of new genotype-phenotype correlations, potentially impacting on the clinical management of NF1 pediatric patients. Through the sharing of clinical and molecular data among members of the scientific community, we are confident it will be possible to identify novel genotype-phenotype correlations and ultimately improve patient outcomes.
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